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The present article reviews the changes in cere-

bral blood flow (CBF) that occur in association

with intracerebral hemorrhage (ICH) and the clin-

ical implications of these changes, particularly in

terms of blood pressure management, treatment

of intracranial hypertension, and surgical evacua-

tion. Data presented in the following sections are

derived from laboratory studies and clinical

reports.

Theoretic considerations

The role of CBF changes in the pathophysiol-

ogy of ICH is not well understood, partly because

the mechanism of neuronal damage is not fully

understood [1]. Factors that are potentially

responsible for these changes include (1) mechani-

cal compression of surrounding microvasculature

by the hematoma; (2) compromise of cerebral

perfusion pressure (CPP) as a result of elevated

intracranial pressure (ICP); (3) abnormalities in

cerebral autoregulation as a result of vasopara-

lysis, which is attributed to acidosis, ischemia, and

chronic hypertension; (4) release of vasoactive sub-

stances from the hematoma; and (5) release of vas-

oactive factors from inflammatory cells [2].

Secondary ischemic injury in regions surrounding

and distant from the hematoma has been proposed

as one of the mechanisms responsible for early

neurologic deterioration and damage [1]. Recogni-

tion of a secondary ischemic insult is important

because it may represent a potentially preventable

form of neuronal injury [1]. Furthermore, the pres-

ence of ischemia would also suggest that pharma-

cologic treatment of hypertension in the acute

period may actually be deleterious by precipitating

ischemic injury [3]. Given the importance of this

issue, considerable research has been directed

recently toward furthering our understanding of

CBF changes in ICH.

Laboratory studies evaluating

cerebral blood flow in intracerebral hemorrhage

Changes in CBF have been studied in various

animal models after the induction of ICH by differ-

ent methods. The results of these studies [3–11] are

summarized in Table 1. In most of the early labo-

ratory investigations, an initial phase of hypoper-

fusion, presumably caused by compression of the

adjacent microvasculature by the hematoma, was

observed. A significant rise in ICP with a concom-

itant reduction in CPP at the time of hematoma

induction was also observed. A reduction in

regional CBF (rCBF) is most prominent at that

time, particularly in regions of the brain adjacent

to the hematoma (caudate nucleus and overlying

cortex), but it is re-established shortly [4,11]. This

initial reduction in rCBF apparently reflects imme-

diate hemodynamic adjustments occurring in the
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brain after ICH. Nath et al [3] observed that ische-

mia after ICH persisted only to a marginal degree

beyond 10 minutes and that CBF returned to base-

line values within 3 hours. Similarly, Yang et al

[11] found a 50% reduction in CBF after ICH that

returned to control values within 4 hours. Ropper

and Zervas [9] observed a minor reduction in CBF

(lowest rate in the range of 25–30 mL per 100 g/

min) after injecting 0.24 to 0.28 mL of blood in

the rat caudate nucleus to induce ICH. These

reduced values were transient and returned to base-

linewithin 4hours. In the early studies, hemorrhage

was induced by rapid bolus injection of blood or

expansion of a microballoon in the brain paren-

chyma. Recent clinical studies suggest that the

occurrence of an ICH is not a monophasic event

[12,13]. The hematoma expands over time, allowing

spatial and temporal compensatory responses that

have not been reproduced by previous models.

We designed a newmodel of ICH in dogs to sim-

ulate the multiple phases of intracerebral hema-

toma in human beings [14]. Using this model, we

performed a set of experiments to determine the

effect of massive ICH on rCBF and to test the

hypothesis that ischemia persists in the perihema-

toma region after ICH. ICH was induced in each

of eight anesthetized mongrel dogs by injecting

autologous blood under arterial pressure in the

deep white matter adjacent to the left basal ganglia.

The volume of blood (7.5mL) injected in the canine

brain was equivalent to a 75-cm3 hematoma in a

human brain. Serial measurements of rCBF were

obtained using radiolabeled microspheres injected

in regions around and distant from the hematoma.

Measurements of cerebral oxygen extraction, cere-

bral metabolic rate of oxygen consumption

(CMRO2), cerebral glucose utilization, and lactate

production were obtained by serial sampling of

cerebral venous blood from the sagittal sinus.Mean

arterial pressure and ICP were monitored continu-

ously. We were unable to detect any changes in

either rCBF or the indices representing cerebral

metabolismduring the first 5 hours after ICH intro-

duction. No differences were observed in rCBF in

gray and white matter in regions around and dis-

tant from the ICH at five different time points

throughout the observation period. A threefold

progressive rise in ICP was seen after ICH, how-

ever, along with a modest rise in systemic blood

pressure. Despite observing characteristic changes

in ICP and systemic blood pressure after ICH, no

evidence of persistent cerebral ischemia was found.

We did not study changes in rCBF within the first

few minutes after hematoma formation, because

therapeutic decisions (ie, blood pressure manage-

ment, surgical evacuation of a hematoma) have tra-

ditionally been based on the presence of a persistent

ischemic penumbra after ICH.

Recent animal studies support our observations

regarding the lack of a persistent region of ische-

mia in the perihematoma region. Wagner et al

[15] studied the concentrations of different metab-

olites in the perihematoma region in pigs after

inducing ICH by slow infusion of blood (similar

to our experimental method). They concluded that

blood flow changes in the perihematoma region are

unlikely to be severe or prolonged on the basis of

findings of unchanged ATP levels and increased

phosphocreatine levels in the early hours after

ICH. Another set of experiments demonstrated

the lack of a protective effect of N-methyl-D-

aspartate blockade on cerebral edema after ICH

supporting the absence of ischemia in the patho-

genesis of neuronal injury [16].

We think that the lack of any severe ischemia or

prolonged reduction in rCBF in the perihematoma

region during the acute period after hemorrhage in

recent experimental models is attributable to

mechanical resistance and collateral supply of the

cerebral tissue containing the hematoma. First,

the mechanical compression induced by clot injec-

tion is incomplete in contrast to that induced by

microballoon inflation. This premise is supported

by the presence of rCBF within the clot matrix in

our study [14]. Furthermore, breakdown of the

blood–brain barrier does not occur immediately

after hematoma formation [3,11], which would

be expected if there was significant mechanical

distention or disruption of the interface between

the pia mater and the vascular infrastructure.

Second, abundant collateral supply from pial

vessels arising from the middle cerebral artery

compensates for any ischemia in the deep white

matter and should be unaffected by the localized

hematoma [14]. Mutlu et al [17] proposed a sim-

ilar explanation for the preservation of gray

matter in the perihematoma region in humans

after hypertensive ICH. They attributed this

finding to the abundant collateral supply pro-

vided by vertically penetrating cortical arterioles

and to the mechanical resistance afforded by the

dense tangential structure of white matter fibers

to the expanding hematoma. In addition, the

presence of elevated systemic blood pressure

leads to high CPP, which may provide further

protection against ischemia. On the basis of

the more recent investigations conducted in

experimental models, we hypothesize that incom-

358 A.I. Qureshi et al / Neurosurg Clin N Am 13 (2002) 355–370



plete mechanical compression, intact autoregu-

lation, collateral circulation, and high CPP (as a

result of systemic hypertension) prevent the oc-

currence of significant rCBF changes in the peri-

hematoma region.

Clinical studies evaluating cerebral blood flow

in intracerebral hemorrhage

Numerous methods have been used to assess

CBF in patients with ICH. They include Xenon-

CT (Xe-CT), contrast-enhanced Xe-CT, single-

photon emission computed tomography (SPECT),

and positron emission tomography (PET) [2,18–

26]. A summary of clinical studies evaluating

changes in CBF after ICH is provided in Table 2.

In all studies in which the Xe-CT method was

used, hypoperfusion of the hemisphere ipsilateral

to the hematoma was found [20,21,25,27,28]. By

using this method, Suzuki et al [25] found a global

reduction in CBF after putaminal hemorrhage,

with more marked reduction in CBF in the hemi-

sphere ipsilateral to the hematoma. In addition

to hypoperfusion, hyperperfusion has been identi-

fied in areas surrounding the hematoma (‘‘luxury

perfusion’’) in the subacute period of ICH through

the use of Xe-CT. Miyazawa et al [21] reported

focal hyperperfusion in 24 (23.5%) of 102 patients

evaluated within 1 week of ICH onset. Patients

who developed hyperperfusion were younger and

more likely to be men. Hematoma volume was

not a contributing factor. In an accompanying

review of the literature, Miyazawa et al [21] found

that hyperperfusion was reported to occur between

1 and 15 days after ICH onset.

Mayer et al [2] performed paired consecutiveCT

and 99mTc-hexamethyl-propylene amine oxime

SPECT scans during the acute (mean¼ 18 hours)
and subacute (mean¼ 72 hours) phases of ICH in
23 patients. Hypoperfusion was observed in the

perihematoma region during the acute phase of

ICA (Fig. 1). Follow-up SPECT scans in the suba-

cute period documented improvement in rCBF

around the hematoma, although regions of hypo-

perfusion were present (Fig. 2). The mean ICH vol-

ume (18 mL) did not change; whereas the mean

edema volume increased by 36% and the mean

rCBF deficit decreased by 55% between the acute

and subacute phases. Edema volume on the second

CT scan correlated positively with rCBF deficit on

the first SPECT scan and with the volume of reper-

fused perilesional tissue. The investigators obser-

ved that perilesional blood flow normalizes from

initially depressed levels as edema forms during

the first 72 hours after ICH and that the volume of

edema eventually correlates with that of the reper-

fused tissue. These results suggest that the potential

for perilesional hypoperfusion is highest in the ear-

liest hours after ICH onset and implicate reperfu-

sion injury in the pathogenesis of perihematoma

edema formation. Rousseaux et al [23] studied the

cerebral distribution by hexamethyl-propylene

amine oxime SPECT mapping in 20 patients with

ICH at varying intervals ranging from 1 to 95 days.

Reduced tracer activity suggestive of hypoperfu-

sion was a consistent finding in the ipsilateral cor-

tex. Remote effects, such as reduction in rCBF

(functional diaschisis), were observed in the adja-

cent cortex (19 cases) and frontal cortex (14 cases)

and in the contralateral cerebellum (16 cases). In

the chronic phase, reduced perfusion was observed

at the site of the resolved hematoma because of the

presence of nonviable tissue.

Carhuapoma et al [29] reported the results of

diffusion-weighted imaging and proton magnetic

resonance spectroscopic imaging (1H-MRSI) in

patients with ICH. Apparent diffusion coefficient

(ADC) and lactate spectra values in perihematoma

brain tissue were recorded and analyzed (an

increase in ADC is consistent with vasogenic

edema, and an increase in lactate spectra is sugges-

tive of ischemia). Nine patients (mean age¼ 63.4
years, range: 36–87 years) were included in the

study. Mean time from symptom onset to initial
1H-MRSI was 3.4 days (range: 1–9 days), and

mean hematoma volume was 35.4 cm3 (range: 5–

80 cm3). Perihematoma diffusion values were

obtained in all patients, and 1H-MRSI measure-

ments were obtained in five patients. The ADC

was significantly higher in perihematoma regions

than in contralateral corresponding regions of

interest (consistent with vasogenic edema). Lactate

surrounded the hematoma in two patients (sugges-

tive of ischemia). Most patients with regions of

vasogenic edema did not have metabolic changes

consistent with ischemia. This preliminary data

were inconsistent with ischemia as the primary

mechanism for perihematoma tissue injury.

Kidwell et al [30] performed diffusion-perfusion

MRI in 12 patients who presented with ICH.

Imaging studies were performed within 6 hours

of symptom onset in all patients. Perfusion map-

ping was obtainable in 6 patients, and ipsilateral

hypoperfusion was documented in 5 of these

patients. On diffusion-weighted imaging, reduced

ADC values were observed in 3 of 12 patients.

The significance of reduced ADC was not clear.
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Fig. 1. Overlay of 2-hour CT and 4-hour single-photon emission CT (SPECT) images of a 69-year-old woman with

typical SPECT findings after a 12-mL right thalamic hemorrhage. The images demonstrate a large region of

hypoperfusion surrounding the hematoma. (FromMayer SA, Lignelli A, Fink ME, Kessler DB, Thomas CE, Swarup R,

et al. Perilesional blood flow and edema formation in acute intracerebral hemorrhage: a SPECT study. Stroke

1998;29:1975; with permission.)

Fig. 2. Serial single-photon emission CT images show improving perihematoma blood flow from the acute to subacute

periods (left, 2 hours; middle, 4 hours; right, 54 hours). The CT appearance of thalamic intracerebral hemorrhage is

shown on the left. Cerebral blood flow (CBF) in the corresponding section in the acute phase is shown in the center. In

the subacute scan (right), regional CBF has improved, although regions of hypoperfusion can be identified. (FromMayer

SA, Lignelli A, Fink ME, Kessler DB, Thomas CE, Swarup R, et al. Perilesional blood flow and edema formation in

acute intracerebral hemorrhage: a SPECT study. Stroke 1998;29:1975; with permission.)
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Reduced ADC can be observed in regions under

metabolic stress, which is consistent with ischemia,

cytotoxic edema, and/or neuronal injury. The

reduced ADC was observed in only a few patients,

and the absence of moderate to severe hypoperfu-

sion in the perihematoma region argued against a

role of cerebral ischemia in hyperacute ICH.

Hypoperfusion of the ipsilateral hemisphere in

patients with ICH has been documented by use of

Xe-CT and SPECT scans in previous studies;

however, an important determinant of associated

consequences is the metabolic activity of affected

tissue. Assessment of metabolic activity has been

made possible with the availability of PET.

Reductions in CBF and CMRO2 in affected and

contralateral cerebral hemispheres have been

shown by use of PET scanning in ICH [18,31].

Uemura et al [31] measured rCBF, oxygen extrac-

tion fraction, and CMRO2 in 21 patients with

hypertensive ICH using PET. They observed a

localized decrease in CBF and CMRO2 around

the hematoma. Two cases were found to have dis-

tinct luxury perfusion around the hematoma.

Zazulia et al [26] measured rCBF, CMRO2, and

oxygen extraction fraction with PET in 19

patients 5 to 22 hours after hemorrhage onset.

Measurements were determined in a 1-cm border

around the clot. In 16 of the patients who had

PET images that did not show any midline shift

of the ventricles, mirror image measurements

were obtained from contralateral regions. All

measurements were corrected to allow for the vol-

ume occupied by the clot and the ventricles. Peri-

clot rCBF and CMRO2 values were significantly

less than contralateral values (Fig. 3). Periclot

oxygen extraction fraction was less than both

hemispheric oxygen extraction fraction and con-

tralateral regional oxygen extraction fraction.

The reduction in oxygen extraction fraction

around the clot was consistent with reduced met-

abolic demand and not cerebral ischemia. There-

fore, no evidence was found for ischemia in the

periclot zone of hypoperfusion in patients with

ICH studied 5 to 22 hours after hemorrhage

onset. Hirano et al [19] studied 6 patients at 24

and 43 hours (mean¼ 32 hours) after ICH and

eight controls using PET with 18F-fluoromisoni-

dazole (18F-FMISO) tracer to determine whether

a zone of tissue hypoxia, possibly representing

‘‘penumbral’’ tissue, exists around an ICH. The
18F-FMISO tracer is trapped within hypoxic but

viable tissue that is likely to represent an ischemic

penumbra. Four patients experienced deep (thala-

mic or basal ganglionic) hemorrhages and 2 expe-

rienced subcortical hemorrhages ranging in size

from 5 to 70 cm3. 18F-FMISO PET did not detect

any areas of increased tracer activity consistent

with tissue hypoxia in patients with ICH. PET

studies in the eight controls were also negative

for any areas of increased tracer activity.

Summary of cerebral blood flow changes

in intracerebral hemorrhage

On the basis of laboratory and clinical evi-

dence, the changes in CBF associated with ICH

can be summarized in three phases (Fig. 4).

Hibernation phase

During the acute period of ICH (within 48

hours of onset), a region of hypoperfusion devel-

ops predominantly in the periphery of the hema-

toma and, to a variable extent, within the ipsilateral

hemisphere. A concomitant reduction in cerebral

metabolism is observed in these areas. Initial

evidence suggests that the reduction in cerebral

metabolism exceeds that in CBF. Therefore, there

is a decrease in the amount of oxygen required by

and subsequently extracted from the affected

cerebral tissue. The cerebral tissue is not ischemic

because of the observed decrease in metabolism.

This phenomenon can be referred to as a ‘‘hiberna-

tion phase’’ because of the combined state of

hypoperfusion and hypometabolism that exists

predominantly in regions surrounding the hema-

toma with variable extension beyond the periphery

and occasionally into the contralateral hemi-

sphere.

Reperfusion phase

The reperfusion phase of CBF starts approxi-

mately 48 hours after the onset of ICH. The pat-

tern of CBF restoration is heterogeneous, and

evidence of abnormality is still evident. Three

different patterns of subacute blood flow are recog-

nized: continued hypoperfusion, improved perfu-

sion, and hyperperfusion. Increased perfusion at

rates approaching normal values is evident in

regions that initially demonstrated hypoperfusion.

There is an accompanying increase in (recovery of )

metabolic activity in previously hypometabolic

regions. Improvement in rCBF in some regions

may be delayed because of secondary insults,

such as expansion of the hematoma. Hyperper-

fusion is a focal phenomenon and is attributed

to local acidosis, inflammation, and impaired
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autoregulation in relatively intact regions of sur-

rounding neuronal tissue.

Normalization phase

After approximately 14 days, CBF appro-

aches normal values, assuming a more homoge-

neous pattern. Imaging performed after 30 days has

not shown abnormalities in rCBF. Normaliza-

tion is attributed to resolution of the hematoma

and its mass effect. Another factor that contrib-

utes to restoration of flow is neovascularization

in peripheral regions of neurogliotic tissue. Flow

deficits observed within the matrix of the hema-

toma are consistent with nonviable tissue.

Clinical implications of cerebral blood flow

changes in intracerebral hemorrhage

CBF changes are frequently observed in

patients with ICH. Therefore, it is important to

understand factors that influence CBF and, subse-

quently, clinical outcome.

Effect of blood pressure treatment on cerebral

blood flow in intracerebral hemorrhage

Elevated blood pressure is common after ICH

and is associated with hematoma expansion and

poor outcome [32]. It remains unclear whether

elevated blood pressure predisposes patients to

expansion of the hematoma or is a consequence

Fig. 3. Coregistered CT and positron emission tomography images of a 44-year-old hypertensive man with a left

putaminal hemorrhage studied 21 hours after onset. The 1-cm wide periclot region was outlined in white on the CT scan

and superimposed on the cerebral blood flow (CBF), cerebral metabolic rate of oxygen (CMRO2), and oxygen extraction

fraction (OEF) images. Periclot flow, metabolism, and oxygen extraction fraction are all reduced compared with the

contralateral hemisphere. The image on the lower right illustrates the decrease in cerebral metabolism occurring

concomitantly, with hypoperfusion preventing ischemia. (From Zazulia AR, Diringer MN, Videen TO, Adams RE,

Yundt K, Aiyagari V, et al. Hypoperfusion without ischemia surrounding acute intracerebral hemorrhage. J Cereb

Blood Flow Metab 2001;21:806; with permission.)
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of hematoma expansion. Commonly, elevated

blood pressure results from uncontrolled chronic

hypertension and is a response to stress [33]. It

can also be a protective response (referred to as

the Cushing-Kocher response) to preserve cerebral

perfusion, particularly in patients with evidence of

brain stem compression [33]. Considerable contro-

versy exists regarding the initial treatment of blood

pressure after ICH. Most patients with ICH have

chronic hypertension, which leads to cerebral

autoregulation that has been adapted to higher

than normal blood pressures [34]. Furthermore,

CPP and autoregulatory capacity may be compro-

mised as a result of elevated ICP [35]. Two studies

have demonstrated that controlled and pharmaco-

logically mediated reduction in blood pressure has

no adverse effects on CBF in human beings or

animals [22,33].

We performed a study in a canine model of

ICH to determine the effect of mean arterial pres-

sure reduction on rCBF and ICP [33]. We tested

the hypothesis that ischemia is present in the peri-

hematoma region after ICH and that this ischemia

can be exacerbated by pharmacologic reduction of

mean arterial pressure. ICH was introduced in 12

anesthetized dogs by injection of autologous blood

(2.8 mL in 6 animals, 4.4 mL in 6 animals) under

arterial pressure in the deep white matter adjacent

to the left caudate region. We obtained serial mea-

surements of rCBF by use of radiolabeled micro-

spheres in the treated animals as well as in 6 control

dogs. Intravenous labetalol was administered

Fig. 4. Diagrammatic representation of the three phases of cerebral blood flow and metabolism changes in the acute,

subacute, and chronic phases after intracerebral hemorrhage.
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90 minutes after introduction of either a hema-

toma (in treated animals) or a needle (in controls)

while CPP was maintained higher than 65 mm Hg.

Mean arterial pressure and ICP were monitored

continuously. Elevations in ICP and mean arterial

pressure were observed in the groups with ICH.

These hemodynamic alterations were not accom-

panied by any significant differences in rCBF.

Administration of labetalol resulted in a decrease

in mean arterial pressure but did not change

rCBF in the groups with ICH. In summary, phar-

macologic reduction of mean arterial pressure

within the normal autoregulatory limits of CPP

achieved 90 minutes after introduction of the hem-

atoma had no adverse effect on ICP and rCBF in

regions around or distant from the hematoma.

These results support controlled use of antihyper-

tensive treatment in the acute period after ICH

onset.

Powers et al [22] described the changes in CBF

that occur globally within the brain and regionally

within the clot periphery in conjunction with phar-

macologic reductions in mean arterial pressure in

patients with acute ICH. Fourteen patients with

acute supratentorial ICH (1–45 mL in size) were

studied 6 to 22 hours after hemorrhage onset.

rCBF was measured with PET using
15O-water

tracer. After completion of the first CBF measure-

ment, patients were randomized to receive either

nicardipine or labetalol to reduce mean arterial

pressure by 15%, and the rCBF measurement

was repeated. After administration of nicardipine

or labetalol, mean arterial pressure was lowered

from 143� 10 mm Hg to 119� 11 mm Hg. There
was no significant change in either global CBF or

periclot rCBF. Powers et al [22] calculated that

there is less than a 5% chance of global CBF or

periclot rCBF falling by more than �2.7 mL ·
100 g�1 · min�1. They concluded that in patients
with small- to medium-sized acute intracranial

hematoma, autoregulation of rCBF was preserved

with arterial blood pressure reductions in the

range studied.

The American Heart Association recommends

that patients with ICH who present with a mean

arterial pressure of greater than or equal to

130 mm Hg receive antihypertensive treatment

[36]. This recommendation is based on initial evi-

dence in animal models and human beings that

supports lowering of blood pressure in the acute

period of ICH. The aforementioned studies have

demonstrated no unfavorable effects of controlled

pharmacologic reduction of blood pressure on

CBF in human beings or animal models. We do

not recommend aggressive treatment of blood

pressure because we have observed a poor out-

come in these patients independent of other fac-

tors, including the initial Glasgow Coma Scale

score and hematoma volume [37]. In most patients

with chronic hypertension, cerebral autoregula-

tion has become adapted to maintenance of higher

but not lower blood pressure. Furthermore, CPP

and autoregulatory capacity may be at risk for

compromise to the extent that ischemia may be

precipitated as a result of elevated ICP. Intra-

venous b-blockers and vasodilators, such as hydra-
lazine or angiotensin-converting enzyme inhibitors,

should be used for blood pressure control

because they have a limited effect on arterioles in

the cerebral circulation [38]. Intravenous nitro-

prusside or nitrates should be avoided to prevent

cerebral vasodilatation and elevations in ICP.

For patients with intracranial hypertension who

have an ICP monitor in place, American Heart

Association guidelines recommend that CPP be

maintained higher than 70 mm Hg [36]. For pa-

tients with persistent hypertension, oral antihyper-

tensives can be initiated after 72 hours of onset to

gradually control blood pressure [37].

Effect of intracranial hypertension

treatment on cerebral blood flow

Elevated ICP is associated with mortality after

ICH [39–41]. Medical treatment of intracranial

hypertension represents an important but not

well-studied aspect in the management of ICH.

We determined the effect of therapeutic reduction

of ICP on CBF and metabolism using mannitol

and hypertonic saline in a canine model of ICH

[42]. We introduced ICH in three groups of anes-

thetized mongrel dogs, consisting of seven animals

each, by autologous blood injection (5.5–7.5 mL)

under arterial pressure in the deep white matter

adjacent to the left basal ganglia. Iso-osmolar

doses (5.5 mOsm/kg) of mannitol (1 g/kg), 3%

sodium chloride (5.3 mL/kg), or 23.4% sodium

chloride (0.7 mL/kg) were administered intrave-

nously 2 hours after hematoma introduction. We

then evaluated the effect of each treatment regimen

on ICP, CPP, cerebral oxygen extraction,

CMRO2, and rCBF in regions around and distant

from the hematoma. There was an immediate

reduction in ICP in each group after initiation of

treatment. A gradual rise in ICP was observed in

the 23.4% sodium chloride and mannitol groups

with time. Only in the 3% sodium chloride group

was the ICP significantly lower than the pretreat-
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ment value, and this reduction occurred at 120

minutes after treatment. No significant differences

were observed in rCBF, oxygen extraction, or

CMRO2 at any time point (baseline; before treat-

ment; or 15, 30, 60, or 120 minutes after treatment)

among the three groups. Before treatment of mod-

est intracranial hypertension is considered to be of

no benefit, the relation between intracranial hyper-

tension and brain damage and dysfunction should

be considered. ICP is an indicator of primary

injury, tissue swelling, clot volume, and ventricular

dilatation, even in the presence of adequate CPP

[42]. Most authors recommend treatment for ICP

pressure exceeding 20 mm Hg [43,44]. In the gene-

sis of ICP elevation resulting from brain compres-

sion caused by an expanding mass lesion,

considerable increase in volume of the cranial con-

tents may occur before spatial compensation leads

to a significant rise in ICP [43,44]. Therefore, a

modest rise in ICP, although not impairing rCBF

or metabolism, may be indicative of impending

transtentorial herniation. The proposed benefit

of intracranial hypertension treatment at this stage

is to prevent subfalcine and transtentorial hernia-

tions and associated mechanical tissue damage,

including brain stem compression. The risk of

transtentorial herniation with consequent damage

to brain stem regions is high with ICH [17,45]; in

this context, early treatment may be beneficial.

In the setting of transtentorial herniation in

ICH, medical treatment of intracranial hyperten-

sion may have a beneficial effect on CBF. We

tested the hypothesis that transtentorial hernia-

tion represents a state of cerebral ischemia that

can be reversed by the administration of hyper-

tonicsaline [46].Weproducedtranstentorialhernia-

tion (defined as acute dilatation of one or both

pupils) by creating supratentorial ICH through

the injection of autologous blood in seven mongrel

dogs anesthetized with intravenous pentobarbital

and fentanyl. Serial rCBF measurements were

obtained by use of radiolabeled microspheres

injected in regions around and distant to the hem-

atoma. Measurements of cerebral oxygen extrac-

tion and CMRO2 were obtained by serial

sampling of cerebral venous blood from the sagit-

tal sinus. Mean arterial pressure and ICP were

continuously monitored. Transtentorial hernia-

tion was successfully reversed over a mean period

of 26 minutes after intravenous administration of

23.4% sodium chloride (1.4 mL/kg) in all animals.

Elevation in ICP (compared with prehematoma

values) was observed during transtentorial her-

niation with no change in CPP because of con-

comitant elevation in mean arterial pressure.

Compared with prehematoma values, there was a

significant reduction in rCBF in the brain stem

and in gray and white matter in the hemispheres

ipsilateral and contralateral to the hematoma.

Administration of the sodium chloride solution

resulted in a reduction in ICP and a restoration

of rCBF in all regions studied, with a concomitant

increase in CMRO2. Compared with prehema-

toma values, rCBF was found to be increased in

the ipsilateral and contralateral thalamus at 15

minutes after administration of the sodium chlor-

ide solution. We conclude that transtentorial her-

niation represents a state of severe hypoperfusion

or ischemia in the brain stem and supratentorial

gray and white matter. Treatment of intracranial

hypertension (using hypertonic saline) reversed

transtentorial herniation and restored both

rCBF and CMRO2, although hyperperfusion was

observed immediately after reversal of transtento-

rial herniation. Rapid reversal of transtentorial

herniation by aggressive treatment of intracranial

hypertension may preserve neurologic function

during the interim period between transtentorial

herniation and surgical intervention.

Effect of hematoma

evacuation on cerebral blood flow

The effect of surgical evacuation of a hematoma

on CBF has been evaluated in experimental animal

models and clinical studies [8,24,28,47]. Nehls et al

[8] analyzed changes in CBF in an experimental

model of hematoma created by inflating a balloon

at the right caudate nucleus in two groups of rats.

In the first group, the balloon was kept inflated for

10 minutes with subsequent deflation, simulating

intraparenchymal bleeding and drainage. In the

second group, the balloon was kept inflated

throughout the study. Twenty-four hours after

the hematomas were created, neurologic status

and CBF were studied in both groups. The authors

reported minor differences in CBF (determined by

quantitative autoradiography) in the two hemi-

spheres in the temporary inflation group in con-

trast to markedly decreased perfusion in the

ipsilateral hemisphere in the group with continu-

ous inflation. Neurologic outcome was signifi-

cantly better after temporary inflation. The authors

suggested that early removal of an intracerebral

hematoma might have subsequent benefits in

terms of CBF and outcome. Hematoma removal

within 10 minutes is not feasible in the clinical

setting, however, and the clinical implications
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of results derived from microballoon inflation

models of ICH are controversial, as previously

mentioned.

Wagner et al [47] evaluated ultraearly stereotac-

tically guided aspiration of clot after tissue plasmi-

nogen activator lysis in pigs. In one group of

animals, hematomas were surgically evacuated

3.5 hours after intracerebral injection of blood,

and tissue plasminogen activator was used as an

adjunctive therapy to facilitate evacuation. In the

second group, hematomas were not evacuated

and the lytic agent was not administered. All

animals received an injection of Evans blue dye

30 minutes after intraparenchymal blood infusion.

The parameters (ICP, hematoma volume, perihe-

matoma edema volume) were measured with intra-

cranial pressure monitoring and postmortem tissue

translucency studies. The investigators reported a

rapid decline in elevated cerebral tissue pressure

after hematoma evacuation. Analysis 24 hours

later showed markedly reduced volumes of hema-

toma and perihematoma edema in the surgically

treated group. The effect of a reduction in the rate

of CBF was not studied.

Using Xe inhalation and SPECT techniques,

Tanizaki [28] evaluated changes in CBF before

and after stereotactic evacuation of putaminal

hematomas in 13 patients. CBF improved in two

thirds of patients even though all operations were

performed subacutely (13–90 days from onset,

mean¼ 30 days).
Siddique et al [24] evaluated changes in CBF

measured by SPECT after ICH in a series of 13

patients. Hematomas were surgically treated in 4

patients and managed conservatively in 9 patients.

These investigators defined hemisphere perfusion

index as isotope count in the affected side divided

by isotope count in the unaffected side multiplied

by 100. The perfusion index between the first (preop-

erative) and second (postoperative) scans improved

in all surgically treated patients. Among the conser-

vatively managed patients, the perfusion index was

worse in 6, the same in 1, and slightly better in 2.

The aforementioned studies provide early evi-

dence that surgical evacuation of the hematoma

may improve CBF. The impact of increased cere-

bral perfusion on clinical outcome needs to be

determined.

Summary

Recent advances have furthered our under-

standing of changes in CBF after ICH. Recent evi-

dence from experimental and clinical studies has

not supported the role of CBF changes in the

pathogenesis of neuronal injury. A better under-

standing of these changes in ICH has modified

the basis for formulating treatment strategies and

developing innovative therapies.
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